A variant of Caulobacter crescentus CB15, strain c u l , was isolated on the basis of its resistance to phage q5CbK. Strain c u l was also resistant to phages q5Cbl2r and 4Cb13, developed filaments in liquid culture and showed altered sensitivity to the inhibitors methylene blue, sodium deoxycholate and ampicillin. Analysis by sodium dodecyl sulphate-polyacrylamide gel electrophoresis of the membranes of strains cs15 and GUI showed major differences. Partial revertants of the Gul phenotype were isolated in which only the inhibitor sensitivities were changed. The origin of these partial revertants was investigated by the fluctuation analysis of Luria & Delbruck (1 943). The results suggest that these partial revertants, which were stably inherited, were non-random in origin.
I N T R O D U C T I O N
In attempts to investigate the Caulobatcter cell cycle, non-motile, phage resistant and morphological mutants have been isolated. Many of these mutants exhibited pleiotropic changes of phenotype (Fukuda et al., 1976; Kurn & Shapiro, 1975; Schmidt, 1968) . Reversion studies on some of them yielded partial revertants with novel phenotypes which did not occur in mutant or parent cultures (Fukuda et a/., 1976; Schmidt, 1968) . Similar results have been reported in reversion studies on colicin tolerant mutants in E. coli (Rolfe et a/., 1974) . Gorini & Beckwith (1966) have argued that the emergence of such novel phenotypic characters indicates that these partial revertants are due to suppressor mutations. Thus, they predict that such revertants would be produced in a random manner. In this paper we report the isolation and partial characterization of a pleiotropic phage resistant mutant of Caulobacter crescentus and the origin of partial revertants of the mutant phenotype.
M E T H O D S
Strains. All strains were derived from Caulobacter crescentus ce15 which was a gift from D r L. Shapiro, Albert Einstein College, New York. The peptone yeast extract (PYE) medium of Poindexter (1964) was used throughout. All incubation was carried out at 30 "C and broth cultures were agitated on a rotary shaker. Phage QCbK was a gift from D r Shapiro and phages QCbl2r (ATCC 19089-Bl) and QCb13 (ATCC 19089-B2) were obtained from the American Type Culture Collection.
Isolation ofphage resistant variants. Portions (0.1 ml) of 12 h broth cultures of cs15 were spread on plates that had been surface-seeded with lo9 plaque-forming units of phage $CbK. The plates were incubated for 48 h and no more than one colony per plate was subcultured for further testing.
Morphology. All strains were examined for morphological changes by phase-contrast microscopy using a Nikon model L-Ke microscope.
Determinution of sensitivity to inhibitors. Sensitivity to ampicillin (Beecham), sodium deoxycholate (BDH) and methylene blue (Gurr, London) was determined by plating approximately 500 colony-forming units (c.f.u.) from a 24 h broth culture on twofold serial dilutions of the inhibitors in PYE agar. Sensitivity to ampicillin was also determined in PYE broth. The lowest concentration of the drug that inhibited colony 90 formation or macroscopically visible turbidity was determined after 48 h incubation. This concentration was referred to as the minimum inhibitory concentration (m.i.c.) .
Isolation of revertants of strain cul. Variants with decreased sensitivity to methylene blue and sodium deoxycholate were isolated by plating lo6 to lo7 c.f.u. from a 24 h broth culture on twofold serial dilutions of the inhibitors in agar. Colonies which appeared on plates containing the m.i.c. or a higher concentration of the inhibitors were isolated. The alteration of the sensitivities of the putative revertants was checked by plating 500 c.f.u. of strain cu1 and of the variants on identical twofold serial dilutions of the inhibitors in P Y E agar.
Fluctuation analysis of reversion in strain Gul. A 12 h broth culture of bacteria was diluted into 500 ml of prewarmed PYE broth to a final concentration of approximately lo2 c.f.u. ml-I. Twenty 10 ml portions were distributed to culture tubes and one 200 ml portion was placed in an Erlenmeyer flask. All cultures were incubated until their ,4660 reached 0.1. Cultures which grew at abnormal rates were discarded. Samples (0.1 ml ; approximately lo7 c.f.u.) of the 20 individual cultures were spread on the surface of selective plates, as were 20 0.1 ml samples from the bulk culture. Selective plates contained the minimum concentration of the inhibitors that prevented colony formation when inoculated with the strain under test at 500 c.f.u. ml-I. Random colonies were isolated from these selective plates and tested for altered sensitivity to the inhibitors by the method described above.
Phage adsorption. The kinetics of phage adsorption were determined by the method of Schmidt & Stanier (1 965).
Analysis of membrane proteins. Membranes were isolated by the method of Galdiero (1973) and analysed by sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis using the technique of Maize1 (1 969).
Origin of strain c u 1 One hundred and fifty phage #CbK resistant variants of C. crescentus c~1 5
were isolated without the aid of mutagenesis. One hundred and forty-nine of these were also resistant to phages $Cb13 and q5Cbl2r. Of these 149, one strain, GU1, showed altered cell morphology. Approximately 20% of the cells in PYE broth cultures of c u l were filaments of 10 to 70 ,um in length. Cultures of C. crescentus c~1 5 may produce filaments in PYE broth but only do so in old (3 to 4 d) stationary phase cultures. The filaments produced in old cultures of the wild-type have a characteristic loose spiral morphology (Poindexter, 1964) which is absent from those produced by strain cul. Strain c u l , on the other hand, is filamentous at all stages of growth. Examination of the membrane proteins of strain GU1 and its parent CB 1 5 by SDS-polyacrylamide gel electrophoresis revealed at least three major differences in band pattern (Fig. 1) . Examination of the membrane proteins of strain cs15 grown with sub-inhibitory concentrations of ampicillin or NaCl, conditions which induce filamentation in this strain, showed them to be similar to those of cs15 not Gul. Analysis of the membrane proteins of other variants of CB15 which were also resistant to $CbK, $Cbl2r and #Cb13 showed them to be similar to those of cs15. This suggests that the changes detected in the protein banding pattern of c u 1 are not a necessary consequence of filamentation or of phage resistance.
Strain c u l also showed altered sensitivity to inhibitors. With respect to ampicillin, strain Gu1 was 2.5 times more resistant than ~~1 5 in solid medium and twice as sensitive in liquid medium. With respect to sodium deoxycholate and methylene blue in solid media, strain c u 1 was twice as sensitive as the parent strain cs15. The reproducibility of twofold differences in sensitivity to inhibitors was tested by carrying out 20 independent determinations of the relative sensitivity of CB15 and G U l to the inhibitors. The reproducibility was 100% with respect to ampicillin and 90 yo with respect to methylene blue and deoxycholate. Thus, these changes in sensitivity cannot be artefacts of the test procedure. The phenotype of Gul (Table 1) Fluctuation analysis of partial revertants of strain GUI When dense cultures of strain Gul were plated on agar containing the m.i.c. of methylene blue (MB) and sodium deoxycholate (DOC) for that strain, colonies were formed by approximately 1 x 1 0 P and 5 x of the total c.f.u. plated, respectively. To shed more light on the origin and nature of these revertants the frequency of their occurrence was analysed by the fluctuation test of Luria & Delbruck (1943) . Table 2 shows the results of plating 20 samples from a single 200 ml culture of G u l and of ~~1 5 on agar containing their respective minimum inhibitory concentrations of M B, DOC and kanamycin. With both strains the variance between the numbers of clones in the series of samples capable of forming colonies was close to their mean value indicating that the variation, as would be expected, is a result of chance. Table 2 also presents the results of plating samples of 20 independent cultures of strain CBl 5 on agar containing the minimum inhibitory concentrations of the same drugs. In these cases the numbers of clones in each culture capable of forming colonies showed a variance much larger than their mean as would be predicted by the theory of random mutation. Table 3 presents the results and analysis of plating samples of 20 independent cultures of strain Gu1 on agar containing the minimum inhibitory concentrations of MB, DOC and kanamycin. The distribution of colonies on agar containing kanamycin showed a high variance but the distributions on agar containing MB and DOC did not.
Variants of strain cul that formed colonies on agar containing the minimum inhibitory concentrations of MB and DOC were isolated. Fifty independent variants were selected in this way from each selective medium, and their phenotypes were analysed (Table 4) . None of these 100 strains showed gain of phage $CbK sensitivity, loss of filamentation or reversion to wild-type CB 15 SDS-polyacrylamide gel electrophoresis membrane protein bands. With respect to ampicillin sensitivity, 26% of variants selected on MB agar had a wild-type csl5 level of resistance and 28 yo of the variants selected on DOC agar had this phenotype. The phenotypes shown in Table 4 for these partial revertants were stable during a minimum of four cycles of plating, subculturing and testing. Microscopic examination of broth cultures of variants of strain Gul selected on MB agar showed that 20 % of them contained deformed cells termed 'fats'. No 'fats' were seen in cultures of variants selected on DOC agar or in any other cultures of GUI. In contrast, variants of strain CBl5 selected for a twofold increase in resistance to MB or DOC showed no unselected phenotypic changes. 
Revertants of Caulobacter crescentus 93
Strain c u l has maintained a different phenotype from that of its parent cs15 through numerous subcultures during 4 years. Thus, its phenotypic change must be considered as a stable inherited change. Similar phenotypic changes have been reported for class 11 amp mutants in E. cofi (Nordstrom et al., 1970) . These mutants show poor adsorption of phages T3 and T4, small variations in sensitivity to a variety of inhibitors, a twofold increase in resistance to ampicillin in solid media and increased sensitivity to ampicillin in broth media. These phenotypic changes have, in some mutants, been shown to be the consequences of mutations in lpsA or lpsB or gafU genes, which lead to the production of an altered lipopol ysaccharide.
No evidence is presented in this paper as to the causal lesions involved in the change of phenotypes from the wild-type strain cs15 to the variant cul. The phenotypes of the partial revertants of c u l do suggest that the control of the phenotypic characters of phage resistance, filament formation and membrane protein patterns, to which unselected phenotypic variants were not detected in the 100 strains tested, may be under a different control system from those of MB, DOC and ampicillin sensitivity. Unselected phenotypic variants were isolated in these latter properties in 78, 70 and 26% of the strains tested (Table 4) . These partial revertants showed reproducible phenotypic changes which were stably inherited through many generations. Luria & Delbruck (1943) predicted that if a particular phenotypic change was the result of an adaptation mechanism, then the distribution of the changed cells in a number of similar cultures would show a variance equal to the mean. If, on the other hand, such changes were caused by random genetic changes, then the variance would be 'abnormally high'. They further stated that this prediction would not be affected by the number of different mutational events that could give rise to the phenotypic change that was being selected. The essential condition for this prediction is that the initial number of bacteria in a culture must be so small that the number of mutations which occur during the first division cycle of the bacteria is small. This condition has been met in the experiments reported here where the initial number was approximately lo2 c.f.u. per culture.
The results for strain c u 1 (Table 3) show that the distribution of revertants, i.e. cells capable of colony formation on plates containing the m.i.c. of MB and DOC, in a series of similar cultures do not show the predicted abnormally high variance. The variance is, in fact, close to the mean. These results are not consistent with the predictions of a n explanation of the origin of the partial revertants by random mutation. On the other hand, the distribution of cells in a series of similar cultures of cs15 capable of forming colonies on plates containing the m.i.c. for cs15 of MB and DOC does show an abnormally high variance. Thus, the failure to demonstrate a high variance for c u 1 cannot be explained by reference to either the particular selective agents used or to the smallness of the twofold increase in resistance being selected. These conditions are identical in the experiments both with CB15 and with c u l . The distribution of cells in a series of cultures of strain c u 1 capable of growing on agar containing the m.i.c. of kanamycin shows the high variance predicted by the random mutation theory. Thus, it is not possible to explain the low variance in the distribution of colonies of c u 1 on agar containing MB and DOC by reference to some unknown property of strain c u l . This work suggests that the MB and DOC resistant variants of strain c u l , but not those of CB 15, are produced by a mechanism other than that by which normal mutants originate. It is interesting that the c u l variants produced by this abnormal mechanism show pleiotropic changes whereas the cs15 variants produced by a mechanism consistent with the random mutation theory showed no unselected pleiotropic changes,
The most reasonable conclusion is that the partial revertants represent the result of an adaptive inheritable change in Gu1. Such a change may theoretically be inherited either in Revertants of Caulobacter crescentus 95 the genotype or phenotype. Our current understanding of the flow of information in cells makes the hypothesis of adaptive changes in genetic information unattractive. The alternative of adaptive changes in phenotypes that are inheritable thus appears to be the most plausible explanation of the partial revertants. A similar hypothesis has previously been suggested to explain the development of heat resistance in Streptococcus faecium recovering from heat shock (Duitschaever & Jordan, 1974) . It may not be a trivial coincidence that, in both the work reported here and in the work on S. faecium, the most probable site of the phenotypic change is in the membrane of the cell. 
